Long before the advent of experimental embryology, nine teenth century biologists and physicians surmised that proper development of the lens depended on interactions of the presumptive lens tissue with surrounding tissues, most notably the developing retina.! It was already clearly understood that the lens was derived from ectoderm which overlies the eye rudiment (the relationship of these two tis sues just before lens differentiation commences can be seen in Fig. 4) . In abnormal human and animal embryos in which the eye cup was detached from the overlying ecto derm, or in the case of anophthalmia, when the eye cup was not present, lenses were also missing. Similar inferen ces were derived from observations of the large median eye of cyclopean monsters, since these had a single lens in association with the eye, suggesting that the site of lens development was linked to the site of eye formation.! As was pointed out by Spemann in his classic 1901
tive signals, at least in part emanating from the anterior neural plate, so that it gains a lens-forming bias and sub sequently becomes specified for lens formation. Complete lens differentiation does require signals from the optic vesicle, and in addition an inhibitory signal from head neural crest may suppress any residual lens-forming bias in head ectoderm adjacent to the lens.
Long before the advent of experimental embryology, nine teenth century biologists and physicians surmised that proper development of the lens depended on interactions of the presumptive lens tissue with surrounding tissues, most notably the developing retina.! It was already clearly understood that the lens was derived from ectoderm which overlies the eye rudiment (the relationship of these two tis sues just before lens differentiation commences can be seen in Fig. 4 ). In abnormal human and animal embryos in which the eye cup was detached from the overlying ecto derm, or in the case of anophthalmia, when the eye cup was not present, lenses were also missing. Similar inferen ces were derived from observations of the large median eye of cyclopean monsters, since these had a single lens in association with the eye, suggesting that the site of lens development was linked to the site of eye formation.! Eye (1992) 6, 117-122 study,2 however, the correspondence of eye defects with effects on the lens did not allow one to distinguish whether the lens effects were a consequence of disrupting a normal inductive effect of the eye on lens formation, or were due to an abnormality common to both tissues. Spemann resolved the question by ablating the optic rudiment from very young embryos, the first experiment designed to define any embryonic inductive interaction. Not only was the eye subsequently missing in these embryos, but so was the lens, which is derived from ectoderm which was not damaged in the experiment; the necessity of the eye for lens determination was thus established. A second experi ment, by Lewis,3 helped shape the basic view of lens induction held for many years. Lewis transplanted the optic vesicle beneath non-lens ectoderm, and showed that a lens was found at the ectopic site. From these results it was argued that the eye rudiment is sufficient for lens induction.
Since the turn of the century the proposal that the eye is both necessary and sufficient for lens induction, which was derived from these two experiments and numerous others, has provided a clear framework for thinking about lens determination. Most of these experiments have util ized amphibian embryos, because they are so readily manipulated surgically, though experiments on chick and mouse embryos, and more incomplete information about human development, indicate common developmental mechanisms for all vertebrates. A review of these older experiments indicates that some of them are difficult to interpret because of both technical problems and inter pretation of data,4 and it is now clear that lens development is a more complex process than suggested by the frame work described above. In recent years reinvestigation of this classic problem,5,6,7,8 primarily in the amphibianXeno pus, has led us to a model for lens induction which postu lates at least four stages in this process. We find that there is a brief initial period, �uring gastrulation, in which ecto derm gains the ability, or competence, to respond to lens inducers. After lens induction commences during the competent period thereis an intermediate stage in which a large region of head ectoderm gains what we term a lens forming bias as a result of early inductive signals. By the time of neural tube formation the lens ectoderm becomes able to differentiate on its own (specification9), though it will only form a rather rudimentary lens at this point. Finally, the optic vesicle provides continued signals which enhance differentiation of the specified lens tissue while other tissue interactions suppress the lens-forming bias in adjacent regions of head ectoderm.
Before discussing the experimental evidence for this four stage model, a brief introduction to eye and lens development, which again has been most completely described for amphibian embryos, will provide useful background information. At the late blastula stage the regions that will form ectoderm, mesoderm (marginal zone) and endoderm are delineated (Fig. I) though the dif ferentiation of these regions has not yet begun. During gastrulation, induction of the nervous system (including the eye regions), on the dorsal side of the embryo, is clearly underway, as the dorsal mesoderm comes to lie under the presumptive neural tissue and imparts neural inducing signals to it (Fig. 2) ; there is, however, no mor phological evidence of neural or eye differentiation at this stage. One can also identify the regions of ectoderm at this stage that will give rise to the lens: they are just outside the presumptive neural ectoderm and close to the presumptive eye regions. By the neural plate stage, the outlines of the nervous system are defined by the neural folds around the edge of the newly formed neural plate, with the presump tive eye regions just inside the anterior portion of the neu ral plate and the presumptive lens regions just outside of it (Fig. 3) . The subsequent folding of the neural plate to form the neural tube results in the juxtaposition of the optic ves icles with the presumptive lens ectoderm (Fig. 4) . Shortly after this stage when contact between the optic vesicle and presumptive lens ectoderm has occurred the lens ectoderm begins to differentiate into a recognisable lens vesicle. 
PERIOD OF ECTODERMAL COMPETENCE FOR LENS FORMATION
The initial stage of determination of any tissue respond ing to inductive signals must involve the acquisition of competence to respond to those signals. Although very little is understood about this important process in any developmental system, the timing of competence does appear to be carefully regulated where it has been exam ined. 8 To begin to learn more about this part of the lens induction mechanism we determined the period during which embryonic ectoderm is competent to respond to lens-inducing signals. Ectoderm has periods in which it is competent to form other tissues as well, but what distin guishes the period of lens competence is that it is compara tively quite short, only a few hours during the middle of gastrulation, slightly before the stage shown in Fig. 2 . 8 Competence was tested in uninduced ectoderm, that is, ectoderm which has not yet been underlain by other tis sues (e.g., the entire ectodermal region in Fig. I , or the small region of ectoderm adjacent to the blastocoel in Fig.  2 ). To assay competence pieces of this ectoderm were placed into the presumptive lens area of a neural plate stage host ( Fig. 3 ) from which the presumptive lens ecto derm had been removed. As will be discussed below this exposes the ectoderm to the important signals required for lens induction, thus permitting a rigorous assessment of its lens-forming potential. One important prediction of the short competent period is that this defines the time at which lens determination commences.
While early gastrula ectoderm (just slightly after tile stage shown in Fig. 1) does not yet have lens competence. Midllate gastrula stage. Lens induction is presumed to be underway at this stage. At this point the lenslorming competence of ectoderm is still high. During this stage the presumptive lens ectoderm first contacts the tissue which has involuted the farthest during gastrulation, the presumptive foregut endoderm, which may act as an early lens inducer. Experiments with Xenopus embryos indicate that an important interaction with the presumptive neural plate and presumptive lens ectoderm occurs at this stage (arrows). The presumptive eye regions are also denoted, and may be the source of this early inductive signal. if it is removed from the embryo and cultured, it gains and loses competence with the same time course as ectoderm in vivo, implying that an autonomous timing mechanism in some way controls the period of competence. While the molecular basis of such a timer is not known, it will cer tainly be an intriguing problem to analyse in future work.
IS THE OPTIC VESICLE SUFFICIENT FOR LENS INDUCTION?
Having established that lens competence is restricted to a short period during gastrulation, what tissues are provid ing the lens-inducing signals at this time? It seems appro priate to begin a discussion of lens-inducing signals with a consideration of the role of the optic vesicle in lens deter mination, since the classic model for lens induction argued that this is the primary lens inducer. In a formal sense it now seems improbable that this is the case in vivo, based on our recent competence results. Since optic ves icles are only formed at the time of neural tube closure and the competence period is much earlier, during gastrula tion, other tissues are implicated as lens inducers at early developmental stages in the embryo.
The question nonetheless remains whether the optic vesicle can, on its own, induce lenses, even if it does not in vivo. While the experiments of Lewis3 had suggested that the optic vesicle alone was able to cause lens formation in non-lens ectoderm, a review of this and many similar stud ies,4 and our own recent experimental analyses 5 . 6 have raised questions about the general validity of this con clusion and led us to the multiple step model outlined above. We attempted to test Lewis' conclusion, both in the species he used (Rana palustris) and in Xenopus. Our experiments involved determining whether early to mid gastrula ectoderm (not yet underlain by any tissues; slightly later than the stage shown in Fig. 1 ) would form a lens when placed over the optic vesicle of neural tube stage hosts (as in Fig. 4 ) from which the presumptive lens ectoderm had been removed. Lenses were often found in these transplants; however, these were not due to induc tion but to the differentiation of presumptive lens cells that had adhered to the optic vesicle. This was most clearly demonstrated by using lineage tracers (either horseradish peroxidase or a ftuoresceinated dextran) to label embryos used for donor tissues; we found that in these cases lenses were invariably derived from host and not donor tissue. Once the optic vesicle has been in contact with the pre sumptive lens area for several hours, it is very difficult to separate the two tissues cleanly unless proteolytic enzyme treatments are used. Other investigators, as far back as 1907, 10 also noted the difficulty in removing presumptive lens ectoderm from the optic vesicle. If embryos are taken as the neural folds are closing, when the optic vesicle is just approaching the presumptive lens ectoderm, it is poss ible to isolate the optic vesicle without adhering presump tive lens cells; however, lenses were still not induced in ectoderm placed over these optic vesicles. Although most early studies of amphibian lens induction did not use host and donor marking, and are therefore impossible to inter pret, several studies did and these concur with our findings. Our recent results showing that ectoderm has such a short period of lens competence has altered our interpreta tion of some of these experiments, though not our general conclusions. Because the experiments transplanting ecto derm over the optic vesicle of neural tube stage hosts were done before we had learned that ectoderm has such a short period of competence, no effort was made to control pre cisely the stages of the grafted ectoderm. It was therefore likely that in some cases the ectoderm was either too young or too old to respond if in fact it could respond to the optic vesicle. We have recently obtained evidence that competent ectoderm, when placed in the presumptive lens area of early neural tube stage hosts, can in about 50% of the cases form lenses (Grainger and Cook, unpublished). Overall, however, several lines of evidence still support the argument that the optic vesicle alone cannot cause lens induction. First, the potential cell contamination problem noted above, which is likely to have been a concern in many earlier studies concluding that the optic vesicle is sufficient as a lens inducer, still renders these studies unin terpretable. Second, our recent experiments yielding lenses when competent ectoderm was placed over the optic vesicle were done just at the time of neural tube closure, and it is highly likely that other tissue interactions in addition to that with the optic vesicle are still important at these stages. As a more definitive test we have now found that when competent ectoderm is combined with isolated optic vesicles and cultured in vitro no lens induc tion is found to occur (Grainger, Servetnick and Cook, unpublished).
EARLY TISSUE INTERACTIONS IN LENS INDUCTION
If the optic vesicle is not sufficient for lens induction, other tissue interactions must play an essential role in the induction process. The results of many studies4 have now shown that lens induction can proceed without the optic vesicle. The first of these II was published just a few years after Spemann's original experiment in 1901, and shows the existence of "free" lenses (lenses formed in the absence of eye tissue) in experiments in which the optic rudiment is removed at the neural plate stage. The demon stration of free lenses provides strong evidence for the inductive potency of tissues acting before the optic ves icle. While appearing to contradict Spemann's initial claim that the eye rudiment is essential for lens induction, it has been argued that different species have a different balance between the significance of early and late inducers.
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The most extensive studies arguing for a multiplicity of lens-inducing tissues are those of Jacobsonl3,14 who has proposed that three tissues act in sequence to cause lens determination in the newt Taricha torosa. The presump tive foregut endoderm and presumptive heart mesoderm are the tissues which underlie the presumptive lens ecto derm during gastrulation, and are therefore possible sources of early lens-inducing signals. He argues that the optic vesicle then acts as a later inducer. In a series of experiments combining the presumptive lens ectoderm with the various putative inducing tissues he concludes that the foregut endoderm and heart mesoderm are the most potent inducers.
We have recently examined the role of potential early lens inducers in Xenopus 7 and reached a somewhat differ ent conclusion than Jacobson. Our studies do argue that early inducers are critical for lens formation, and that they act between mid-gastrula and neural tube stages. How ever, as the source of such signals they implicate the anterior neural plate, which is adjacent to the presumptive lens ectoderm, rather than the tissues which underlie the ectoderm (Figs. 2 and 3) . In our studies we did not find any inductive effect of underlying tissues alone. If these tis sues are required at all they are only necessary before the end of gastrulation, since we could demonstrate that anterior neural tissue alone is sufficient as a lens inducer after this time. We did, however, find that the mesoderm underlying the presumptive lens area has a potentiating effect on the inducing ability of the anterior neural plate. At present there is no clear answer as to why our studies differ from those of Jacobson. While it is possible that the different amphibians used in these studies have different lens-inducing mechanisms, there are other differences in the two studies. At the time of Jacobson's studies one had to rely on morphological assays alone, while our recent studies use a very sensitive lens-specific antibody to iden tify lenses immunohistochemically, a procedure which greatly enhances discrimination of weak but clear lens inductions from non-specific epidermal thickenings that resemble primitive lenses. Further studies on other organ isms will be required, however, to achieve a general view of the nature of the early lens-inducing signals.
RESPONSES TO LENS INDUCTION: ESTABLISHMENT OF A LENS-FORMING BIAS IN HEAD ECTODERM AND LENS SPECIFICATION
By the neural plate stage the presumptive lens ectoderm as well as surrounding head ectoderm has been exposed to lens-inducing factors that result in this ectoderm gaining what we term a lens-forming bias. This is an empirically defined state referring to a decreased threshold of these tis sues to respond to lens inducing signals. At the same time these regions of head ectoderm are simultaneously receiv ing stimuli for forming other tissues derived from ectoder mal placodes, e.g. ear and nose, and in general then they might be said to have placodal bias. However, recent stud ies indicate that at least lens and ear are likely to be induced by independent mechanisms, and we propose that rather than having a common intermediate placodal state, as has been proposed,14 head ectoderm is simultaneously receiving independent "biases" for several tissues at once (Gallagher and Grainger, unpublished).
The evidence for acquisition of a lens-forming bias comes from several experiments. In Xenopus the presumptive lens ectoderm at the neural plate stage forms well differentiated lenses at very high frequency (over 80%) when placed over the optic vesicle of neural tube stage hosts,5 a substantially enhanced response over that obtained when gastrula stage competent ectoderm is used in similar transplants (what we consider the baseline response). Between the neural plate stage and neural tube stage large regions of non-lens head ectoderm show evi dence of gaining a lens-forming bias since the younger ectoderm does not form lenses when transplanted to neu ral tube stage hosts while the older ectoderm does (Gra inger and Mannion, unpublished).
In chick embryos the lens-forming bias in head ecto derm is even more apparent between the neural plate and neural tube stage. In these embryos one can remove either the presumptive lens ectoderm or non-lens head ectoderm, place it in culture, and it will differentiate into a small crystallin-synthesising lens-like structurel5, 16 and Sullivan et ai., unpublished. In this case the bias is so strong that it requires no further tissue interaction at all to initiate lens formation. Clearly in vivo this bias is suppressed, since only the presumptive lens ectoderm forms a lens (possible mechanisms for this suppression are discussed below).
By the neural tube stage in amphibian embryos, just as the optic vesicle is first coming into contact with the pre sumptive lens ectoderm, it is specified, that is it will differ entiate on its own in culture to the extent that it synthesises lens-specific crystallins and has a lens-like morphology.7 This point appears to be reached even earlier in chick embryos as noted above. The overall conclusion is that lens specifi£ation does not require contact with the optic vesicle, although the lenses that form in such experiments are small and poorly differentiated.
THE ROLE OF THE OPTIC VESICLE AND OTHER TISSUES IN LATER STAGES OF LENS FORMATION
Although the optic vesicle is not required for lens speci fication, the optic rudiment at much earlier stages (late gastrula and early neurula) may be critical for lens deter mination. At this point all that is known is that in Xenopus some portion of the anterior neural plate, possibly the pre sumptive eye area, appears to be the principal lens inducer at early stages. Further experiments will be required to define the exact region of the neural plate that provides the important signal.
At later stages, however, the optic vesicle clearly does playa role in proper lens differentiation. Fibre cell forma tion is rarely seen in explants of ectoderm that have not been exposed to the optic vesicle.7 It has been shown that neural retina produces factors which stimulate lens differ entiation 17 and that forms of fibroblast growth factor bound in the neural retina can stimulate lens differentia tion in culture. 1 8 The vitreous hUmor of the eye has signifi cant levels of insulin-like growth factor,19 which also stimulates lens differentiation in culture.
If a strong lens-forming bias is established in large regions of head ectoderm, it is presumably suppressed as these areas subsequently differentiate into other tissues. In the chick one can demonstrate that the same regions of ectoderm that will self-differentiate into lenses when cul tured from neural tube stage embryos will not do so from embryos a day older (Sullivan et al., unpublished). From experimental manipulations in amphibian embryos it has been argued that head neural crest cells can inhibit lens forming tendencies20 in head ectoderm. In the chick, head mesoderm, some of which may be derived from neural crest, does suppress the ability of head ectoderm to differ entiate into lenses. Perhaps one role of the optic vesicle is to prevent contact of neural crest cells with the presump tive lens area, the differentiation of which might otherwise be suppressed. In mutant mouse embryos in which there is poor contact of the optic vesicle and lens ectoderm, and mesodermal cells do infiltrate between these tissues, lens formation is rudimentary or suppressed.21 Whether this is due to an inhibitory effect of the mesoderm, blocking of a positive effector derived from the eye rudiment, or both, remains to be established.
SUMM ARY AND FUTURE DIRECTIONS FOR STUDY
The experiments described above provide the basis for the four stage model of lens induction introduced earlier.
Initially gastrula ectoderm gains a lens-forming compe tence for a short period. During this period lens induction is thought to be initiated by a signal or signals that may come from tissues underlying the presumptive lens ecto derm, but recent evidence implicates an important signal arising from presumptive neural tissue adjacent to the pre sumptive lens ectoderm, possibly directly from the pre sumptive eye region. Mesoderm underlying the presumptive lens ectoderm during neurula stages does enhance the inducing effects of the neural plate. Early inductive signals result in a strong lens-forming bias in head ectoderm, and finally lead to lens specification, which appears not to require contact with the optic vesicle. Complete lens differentiation requires factors from the optic vesicle, however, and suppression of a lens-forming bias in non-lens head ectoderm appears to involve inhibi tory signals from other tissues, possibly neural crest cells.
While the information obtained about the process of lens induction is far more detailed than that available for induction of most tissues in the embryo, there are still important gaps in our understanding of the tissue interac tions responsible for lens formation. As is clear from the discussion above, a better definition of the exact sources of both early and late lens induction signals in vivo is still required, and should be feasible by more precise trans plant, recombinant and explant experiments. An addi tional important direction will be to establish the minimum tissue interaction(s) required for activation of lens formation in vitro (e.g. is neural tissue, without any contribution from mesodermal or endodermal tissue, suf ficient for lens induction?). This information will be quite useful as studies move towards a more molecular defi nition of the lens induction process.
The biochemical signals emanating from lens-inducing tissues and the mechanism responsible for activating and repressing lens competence will be important areas of study in the future. As we pinpoint the biological nature of these processes the targets for a more mechanistic analysis become clearer. If a single tissue could elicit lens forma tion from competent ectoderm, it might be conceivable that there would be a single lens-inducing factor which could be purified from that tissue. However, since lens induction requires extended exposure of ectoderm to the inducing tissue or tissues, one might surmise that several factors are required for lens induction. The signal trans duction systems responsible for cell type determination in other systems, e.g. vulval cell determination in the nema tode C. eiegans, 22 appear to involve such multiple signall ing mechanisms. A very general question that remains unsettled is whether lens formation can be elicited from competent gastrula ectoderm (what we consider the basal, uninduced state) solely by interactions with specific lens-inducing tissues, such as the anterior neural plate. It may be necess ary in addition to establish first a positional value system for the lens ectoderm (specifying its anterior/posterior and dorsal ventral identity in the embryo). Recent work on embryonic axis formation in Drosophila indicates that establishment of a positional value system by a hierarchy of signal transduction mechanisms is certainly part of the determination mechanism of many tissues during normal development, 23 and it has been argued that a similar system is likely to act during vertebrate development as well. 24 Establishing such a positional identity, if required, is likely to involve a multitude of intercellular signalling events as well.
One approach for untangling the signalling mechan isms required for lens induction will involve identification of particular gene products involved in signalling and early responses to induction. As a first step in that direc tion we have prepared a cDNA library from presumptive eye and lens tissue and begun to identify putative regu latory genes (e.g. homeobox-containing genes) from this library. The challenge remains for the future to determine the functional networks in which such gene products act to control the lens induction process.
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